Summary
β-Phenylethylamine (β-PEA) is a trace amine with chemical proximity to biogenic amines and amphetamines. It is an endogenous agonist of trace amine-associated receptors (TAARs) that acts as a neuromodulator of classic neurotransmitters in the central nervous system. At high concentrations, β-PEA contracts smooth muscle, and a role for TAARs in these responses has been postulated. The high dietary intake of trace amines has been associated with such symptoms as hypertension and migraine, especially after the intake of foods containing such compounds. In gastrointestinal tissues, TAAR expression was reported, although the effect of β-PEA on gastric contractile behaviour is unknown. Here, isolated strips that were obtained from the rat gastric fundus were stimulated with high micromolar concentrations of β-PEA. Under resting tonus, β-PEA induced contractions. In contrast, when the strips were previously contracted with KCl, a relaxant response to β-PEA was observed. The contractile effect of β-PEA was inhibited by 5-hydroxytryptamine (5-HT) receptor antagonists (i.e., cyproheptadine and ketanserin) but not by the TAAR 1 antagonist EPPTB. In gastric fundus strips that were previously contracted with 80 mmol/L KCl, the relaxant effect of β-PEA intensified in the presence of 5-HT receptor antagonists, which was inhibited by EPPTB and the adenylyl cyclase inhibitor MDL-12,330A. The guanylyl cyclase inhibitor ODQ did not alter the relaxant effects of β-PEA. In conclusion, β-PEA exerted dual contractile and relaxant effects on rat gastric fundus. The contractile effect appeared to involve the recruitment of 5-HT receptors, and the relaxant effect of β-PEA on KCl-elicited contractions likely involved TAAR 1 .
K E Y W O R D S
5-HT receptors, rat stomach, trace amine-associated receptor-1, trace amines and appears to maintain central neurotransmission within defined physiological limits, a property that suggests that TAARs are a novel treatment target for drug addiction and metabolic disorders. 2 In addition to its actions in the central nervous system, β-PEA also acts in peripheral tissues at concentrations that are multiple orders of magnitude above normal physiological levels, which may include interactions with receptors other than TAAR. At millimolar concentrations, β-PEA contracted rat and guinea pig aorta. Interactions between β-PEA and TAARs have been suggested to explain such effects, but a role for other types of receptors should be considered. [3] [4] [5] The pressor response that was induced by the trace amine tryptamine in mesenteric vessels was abolished by ketanserin and ritanserin, two 5-hydroxytryptamine (5-HT) receptor antagonists. 6 In contrast, β-PEA-induced vasoconstriction in porcine coronary artery was unaffected by the 5-HT receptor antagonist ketanserin.
7
Foods such as cheeses and red wine may have high amounts of trace amines, including β-PEA. [8] [9] [10] The high dietary intake of trace amines has been associated with such symptoms as hypertension and migraine. 11 Humans and rodents have high expression of TAARs in peripheral tissues, including the gut. 9, 12 To our knowledge, the effects of β-PEA on gastric contractility have not been evaluated.
In the rat ileum, Broadley et al. 11 described contractile effects that were induced by millimolar concentrations of β-PEA. The rat stomach presents TAAR 1 gene expression that is nearly 30 times higher than in the intestine. 12 In the present study, we evaluated whether β-PEA affects isolated preparations of the rat gastric fundus and investigated the involvement of 5-HT receptors and TAAR 1 in this response.
| RE SULTS

| Contractile effect of β-PEA on rat gastric fundus strips under resting tonus
Under resting tonus, strips of the rat gastric fundus contracted in response to β-PEA that was cumulatively added to the bath chamber (0.001-1 mmol/L; Figure 1A) . At the highest concentration tested, the β-PEA-induced contraction corresponded to 73.1% ± 6.4%
(n = 9) of a reference contraction that was induced by 60 mmol/L KCl ( Figure 1C) . A significant reduction in β-PEA-elicited contractions was observed in the presence of 5-HT receptor antagonists. Figure 1B ), a histamine H 1 receptor
antagonist that also antagonizes α-adrenergic and 5-HT receptors, diminished β-PEA-induced contractions to 19.4% ± 7.5% of the ref-
erence contraction (n = 7), whereas the 5-HT 2 /5-HT 1 antagonist ketanserin (1 μmol/L) reduced the contractile effect in response to 1 mmol/L β-PEA to 48.3% ± 7.1% (n = 7; P < 0.05, Bonferroni test; Figure 1C ). (n = 7) to 39.9% ± 8.6% (n = 7) by pretreatment with cyproheptadine or to 37.9% ± 3.6% (n = 6) by pretreatment with ketanserin (P < 0.05, Bonferroni test). The contractile effect of β-PEA was abolished in preparations that were maintained in a Ca 2+ -free medium that contained 0.5 mmol/L ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA; Figure 3B ).
Further experiments were conducted to evaluate the effects of the classic α 1 -and β-adrenergic receptor agonists phenylephrine and isoproterenol, respectively, on isolated rat gastric fundus strips ( Figure 3B ). In preparations under resting tonus, phenylephrine did not significantly influence baseline contractions, even at the highest concentration tested (300 μmol/L), whereas isoproterenol (0.01-100 μmol/L) exerted relaxant effects on gastric fundus strips (P < 0.05, Bonferroni test; Figure 3B ). Pretreatment with prazosin
(1 μmol/L) did not alter the contractile response of rat gastric fundus strips to β-PEA (data not shown). in Figure 4A and B indicates the baseline for the effects of β-PEA.
| Evaluation of the putative role of TAAR 1 and 5-HT receptors in the relaxant effects of β-PEA
The relaxant effect of β-PEA in gastric fundus strips that were contracted with 80 mmol/L KCl ( Figure 5A ) was tested in the control preparations (n = 7) to −33.2% ± 3.8% (n = 7; P < 0.05, Bonferroni test; Figure 6C ). Such an inhibitory effect on β-PEAelicited relaxation was not seen when the gastric fundus strips were treated with 10 μmol/L of the guanylyl cyclase inhibitor ODQ (−45.7% ± 3.9%; n = 6; Figure 6C ).
| D ISCUSS I ON
β-Phenylethylamine is found at nanomolar concentrations in the central nervous system under physiological conditions. The binding of β-PEA to TAAR 1 appears to modulate monoaminergic neurotransmission. 13 In peripheral tissues, β-PEA is pharmacologically active at higher concentrations. 4, 6, 11 The present study observed dual . C, The relaxant effect of (■) β-PEA significantly increased in gastric fundus preparations that were treated with (□) cyproheptadine and ( ) ketanserin. The data are expressed as mean ± SEM. * and **P < 0.05, for ketanserin and cyproheptadine, respectively, compared with β-PEA alone (Bonferroni's test) excitatory and smooth muscle-relaxant effects of β-PEA in rat gastric fundus strips. In isolated preparations under basal tonus, β-PEA induced a contractile response, which changed to a relaxant profile when smooth muscle preparations were subjected to a previous contractile stimulus (i.e., increasing concentrations of KCl). In Ca 2+ -free medium, β-PEA did not contract rat gastric fundus strips, suggesting that it is able to recruit transmembrane Ca 2+ entry from the extracellular medium. The present study supports the hypothesis that exogenous β-PEA may alter peristaltic movements of the stomach.
14 In fact, treatment by oral gavage with the TAAR 1 -selective agonist RO5166017 delayed gastric emptying in C57BL/6J mice.
15
Sensitive individuals may experience sympathomimetic symptoms, such as tachycardia and hypertension, following the consumption of foods with high amounts of trace amines, which may be exacerbated by the concomitant inhibition of monoamine oxidase, which is involved in β-PEA catabolism. 16 Trace amines, such as β-PEA, are classically regarded as having indirect sympathomimetic activity. 17 In contrast to the excitatory effects of β-PEA, the α 1 -adrenergic receptor agonist phenylephrine had no effects on rat gastric fundus under resting tonus, whereas isoproterenol exerted a significant relaxant effect. Thus, the contractile effects of β-PEA unlikely resulted from the putative recruitment of α 1 -or β-adrenergic receptors.
The range of concentrations of β-PEA that are needed to induce contractile responses in gastric tissues was higher than physiological levels and higher than levels that are found in β-PEA-containing
foods. The present study corroborates previous reports of the effects of β-PEA on the rat ileum, 11 rat aorta, 4 and guinea pig aorta. Previous studies often used circular strips from the rat gastric fundus. 19, 20 In the present study, contractile activity was recorded from rat fundus strips that were mounted following longitudinal ori- The relaxant effects of β-PEA on the gastric fundus were attenuated in the presence of the TAAR 1 antagonist EPPTB and adenylyl cyclase inhibitor MDL 12,330A 32 but not in the presence of the guanylyl cyclase inhibitor ODQ. 33 Chiellini et al. 12 reported notable TAAR 1 expression in the rat stomach, whereas Ohta et al. 14 indicated a role for the interaction between food-derived β-PEA and TAAR 1 in the stomach to generate G s -coupled cAMP production, likely to stimulate gastrin secretion. In HEK293 cells that expressed rat TAAR 1 , β-PEA stimulated cAMP production. 
| MATERIAL S AND ME THODS
| Animals
The present study was approved by the institutional ethics commit- 
| Isolated tissues and experimental set-up
The experiments were conducted with isolated strips of the gastric fundus that were obtained after euthanasia, performed by exsanguination of the animals that were previously anaesthetized with tribromoethanol (250 mg/kg, i.p.; Sigma-Aldrich, St. Louis, USA).
The stomach was quickly removed and immersed in oxygenated
Tyrode solution. The stomach was opened following the plane of the lesser curvature, and the fundic region was cut in 1-cm-long strips following the orientation of the longitudinal layer of the muscularis externa. Each gastric fundus strip was an independent preparation. Each strip preparation was tied at its extremities by cotton thread that allowed recordings of contractile activity.
Each preparation was mounted in a 5-mL bath chamber that was filled with warmed (37°C) Tyrode solution with continuous bubbling with a carbogen mixture (5% CO 2 in O 2 ). An equilibration period of 60 minutes was allowed for all of the preparations.
The strips were subjected to a preload (1 g) for the isometric recording of contractile activity. To apply the preload, the tissues were stretched at one of the extremities that was attached to a fixed pin in the bath chamber, and the other end was attached to a force transducer (MLT0201, AD Instruments, Sydney, Australia)
that was coupled to a data acquisition system (PowerLab 8/30, AD Instruments). Following the 60 minute equilibrium period, contractions were elicited by the administration of 60 mmol/L KCl.
After obtaining two approximately identical contractions, the experimental protocols began.
| Solutions
The Tyrode solution had the following composition: Concentration-effect curves were generated by the cumulative addition of a given contractile/relaxant compound to the bath chamber. The addition of a given compound occurred while the preparation was maintained at resting tonus or while the preparation was subjected to a sustained contractile stimulus as indicated. All of the antagonists that were used in this study were added 5 minutes before β-PEA or 5-HT application.
| Statistical analysis
All of the data are expressed as mean ± standard error of the mean (SEM), and n represents the number of experiments. The magnitude of a given contractile or relaxant effect is expressed as a percentage of the 60 mmol/L KCl-induced contraction that was elicited after the equilibrium period. Significant differences in contractility were assessed using two-way analysis of variance, followed by Bonferroni's test. Values of P < 0.05 were considered statistically significant. 
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